The objective of this study is to refine the understanding of recharge processes in watersheds representative for karstic semiarid areas by means of stable isotope analysis and hydrogeochemistry. The study focuses on the Granada aquifer system which is located in an intramontane basin bounded by high mountain ranges providing elevation differences of almost 2900 m. These altitude gradients lead to important temperature and precipitation gradients and provide excellent conditions for the application of stable isotopes of water whose composition depends mainly on temperature. Samples of rain, snow, surface water and groundwater were collected at 154 locations for stable isotope studies (d 18 O, D) and, in the case of ground-and surface waters, also for major and minor ion analysis. Thirty-seven springs were sampled between 2 and 5 times from October 2004 to March 2005 along an altitudinal gradient from 552 masl in the Granada basin to 2156 masl in Sierra Nevada. Nine groundwater samples were taken from the discharge of operating wells in the Granada basin which are all located between 540 and 728 masl. The two main rivers were monitored every 2-3 weeks at three different altitudes. Rainfall being scarce during the sampling period, precipitation could only be sampled during four rainfall events. Calculated recharge altitudes of springs showed that source areas of mainly snowmelt recharge are generally located between 1600 and 2000 masl. The isotope compositions of spring water indicate water sources from the western Mediterranean as well as from the Atlantic without indicating a seasonal trend. The isotope pattern of the Quaternary aquifer reflects the spatial separation of different sources of recharge which occur mainly by bankfiltration of the main rivers. Isotopic signatures in the southeastern part of the aquifer indicate a considerable recharge contribution by subsurface flow discharged from the adjacent carbonate aquifer. No evaporation effects due to agricultural irrigation were detected.
Introduction
During the last decades groundwater exploitation in the Mediterranean region has increased dramatically mainly due to an increase in irrigated agriculture, tourism and industry (Vandenschrick et al., 2002) . To meet the needs of drinking water for future generations, sustainable watershed management is essential for drinking water supply especially in semiarid areas and requires a more detailed knowledge about recharge processes.
In many cases conventional hydrogeochemical studies are not sufficient to characterise groundwater hydrodynamics or to detect recharge areas and source areas of recharged water. Since the isotopic composition of O and H in groundwater does not change as a result of rock-water interactions at low temperatures it provides a helpful means to bridge this knowledge gap (e.g. Sidle, 1998) . The application of isotope-based methods has become well established for water resource assessment, development and management in the hydrological sciences, and is now an integral part of many water quality and environmental studies (Clark and Fritz, 1999; Cook and Herczeg, 1999) .
Several studies using hydrochemistry and stable isotopes of water have already been realised to characterise recharge processes in similar hydrogeologic environments. Long and Putnam (2004) developed a linear model to describe three components of water flow in karst aquifers using 18 O data. Barbieri et al. (2005) characterised groundwater flowpaths and recharge altitudes in a karst aquifer of Central Italy by a combined study of hydrochemistry and stable isotopes ( 2 H, 18 O and 87 Sr/ 86 Sr). Marfia et al. (2003) combined the analysis of major and minor ions, d
13 C and stable isotopes of water to investigate the origin and the hydrogeochemical evolution of the ground-and surface water in a karst dominated geologic setting. Vandenschrick et al. (2002) studied the composition of stable isotopes in the Sierra de Gador (southern Spain) in order to distinguish between Atlantic and western Mediterranean origins of precipitation and its impact on the isotopic signature of surface and groundwater along its pathway from the summits of the Sierra de Gador towards the coastal plain. Cruz-San Julian et al. (1992) monitored D and 18 O compositions in several single rain events in south eastern Spain from November 1989 until April 1990. They observed that variations were clearly related to different source regions of the vapour (Atlantic Ocean or Mediterranean Sea) as well as to different trajectories of precipitating air masses. The range of the D-values observed in samples from local springs and wells (between +10 and +13‰) indicated that groundwater in the studied areas is recharged predominantly by the Atlantic-derived precipitation.
The objective of this study was the investigation of recharge processes and the hydrogeochemical evolution of groundwater in semiarid basins subjected to increasing agricultural exploitation. The high differences in elevation in the study area provide an excellent possibility to detect recharge areas of groundwater using stable isotopes of water. The authors report the stable isotope ratios of H and O and concentrations of major and minor ions of precipitation, surface water and groundwater that are essential in understanding geochemical processes affecting water quality. The results of this study may contribute to the optimisation of water resources management.
Site description
The Granada basin is located in southern Spain, enclosing the town of Granada and forming an intramontane basin within the Betic Cordillera. The general hydrogeological setting of the study site is described in (IGME, 1988) . The basin, situated at an altitude of about 550 masl, is bounded to the east by the Sierra Nevada mountains reaching 3470 masl ( Fig. 1) leading to considerable temperature and precipitation gradients. The average temperature in the Granada basin lies between 15 and 16°C , while in the high regions of the Sierra Nevada (meteorological station Albergue Universitario, 2550 masl) average temperatures range between 5 and 6°C . The mean annual precipitation ranges between 490 mm/a in Granada basin and about 1000 mm/a in the upper mountains (IGME, 1988) . More than 75% of the precipitation in the Sierra Nevada above 2000 masl falls as snow (Castillo, 2000) .
The basin itself is filled with Miocene, Pliocene and Quaternary sediments. The general Neogene sedimentary sequence consists of calcarenites, terrigeneous sediments and evaporites containing gypsum, especially in the southern area. The Quaternary material forms the Vega de Granada aquifer and consists mainly of fluvial deposits. The aquifer surface occupies an area of approximately 200 km 2 (22 km Â 8 km), and its centre is approximately 250 m thick (Castillo, 2005) . The Granada basin is separated from the adjacent mountain ranges to the east by a system of normal faults. The lower mountain ranges belong to the Alpujarride Complex, which constitutes an important karstic aquifer in the surroundings of the Granada basin. This aquifer is generally made up of a thick series of Triassic carbonate rocks with intercalated calcschists of low permeability. The higher mountain areas which continue to the east belong to the Nevado-Filabride Complex and consist mainly of almost impermeable micaschists.
Discharge of groundwater occurs at about 25 major springs within a range between 0.2 and 12,000 L min
À1
. The major springs are mainly located in the Granada basin, except Fuente Grande (sp12), some being thermal springs (sp8, sp11, sp23, sp25, Fig. 1 . Location map and sampling sites. Geology was simplified after IGME (1988) . The superficial water divide was based on DEM (1999). Abbreviations su, G and sp stand for surface water, groundwater and springs, respectively. Labels of sampling sites refer to Table 2. sp27, see Fig. 1 ). The mountain springs, which are normally located at the contact between carbonates and calcschists, show comparatively low discharge rates below 10 L min
. The main river, Genil, drains the basin with a mean discharge of 200 Â 10 6 m 3 /a at the western border of the basin and is recharged by its three main tributaries the Dilar River, Cubillas River and Monachil River, each with a mean annual discharge of 50 Â 10 6 m 3 (Fig. 1) . These rivers drain away after entering the basin, recharging the aquifer by bankfiltration and passing through an unsaturated zone of several tens of metres (IGME, 1988) . Towards the west the aquifer thickness decreases considerably leading to an important groundwater discharge of about 190 Â 10 6 m 3 into the Genil River. A total annual aquifer recharge of 230 Â 10 6 m 3 was estimated by IGME (1988) where 200 Â 10 6 m 3 of recharge are assumed to occur mainly by river bankfiltration and irrigation channels and 30% are supposed to be recharged by precipitation. Lateral recharge of the aquifer by subsurface runoff from the karstic aquifer of the eastern mountains has been considered to be of minor importance, but owing to the lack of groundwater sampling locations in the karstic aquifer no estimations exist so far. Tritium measurements carried out by Plata Bedmar and Greciano González (2000) in the aquifer yielded more than 13.5 TU in the central part of the aquifer and even higher values towards the east indicating recharge ages less than 45 a.
An instructive overview of land use and studies carried out in the Vega de Granada aquifer during the last decades is given in Castillo (2005) . Groundwater extraction of the Vega de Granada aquifer for agricultural irrigation and drinking water supply started in the second half of the 20th century. It has been intensified considerably since the 1970s and now reaches about 40 Â 10 6 m 3 annually. Pumping and irrigation increased with the construction of several water reservoirs (e.g. Canales, Cubillas and Quentar) in the watershed, reducing groundwater recharge derived from snow melting in Sierra Nevada (Fig. 1) . The hydrodynamic impact of groundwater extraction gave rise to an average drawdown of 6 m with local maxima up to 20 m (Fig. 2) . Furthermore the development of a drawdown cone in the southeastern part of the aquifer was observed.
Between 1983 and 2004 the electrical conductivity increased more than 25% (Castillo and Sanchez Garrido (2003) for the stable isotope composition of water. The samples were taken every 2-3 months at different altitudes and orientations of the Sierra Nevada and in the Granada basin. From these data Raya Garrido (2003) derived local meteoric vapour lines and altitude gradients for Granada and for the Sierra Nevada.
Furthermore, monthly precipitation samples were taken by Raya Garrido (2003) between 1996 and 2002 at five locations with different altitudes. On the basis of weighted monthly averaged isotope data of precipitation (Raya Garrido, 2003 ) derived a local meteoric water line (LMWL) for Granada City:
The slope which is less than eight concurs with the data of IAEA/WMO (2001) taken at the Gibraltar station. According to Raya Garrido (2003) this indicates that the precipitation was subjected to evaporation on its way to the ground surface. However, it is possible that the slope of less than 8 is in fact a mixing line joining a pole of Mediterranean water vapour to a pole of Atlantic water vapour. Raya Garrido (2003) explains the comparatively low D excess by evaporation of rain before reaching the surface and by an Atlantic source of precipitation. Since sampling points of are all located at different orientations of the Sierra Nevada, no altitude gradients could be derived from these data.
Methods
Water samples in the Granada region were collected for stable isotope studies ( Owing to scarce rainfall during the sampling period, precipitation could only be sampled during four rainfall events. Two rainfall events were sampled at altitudes ranging from 650 to 1550 masl and 650 to 1295 masl, respectively. The other events were only collected in Granada city at 650 masl altitude. During June to September 2004, 73 samples of snow or snowmelt were taken mostly in small mountain lakes located in the Sierra Nevada above 2200 masl. All samples were stored in polypropylene bottles (50 mL) with watertight caps. Surface-and groundwater samples were filtered immediately after sample retrieval for analysis of cations and anions using 0.45 lm membrane filters. Samples for cation analysis were preserved with concentrated HNO 3 . Measurements for pH, temperature and conductivity were carried out in the field. In most cases alkalinity of filtered samples was determined in the field by titration with HCl (0.1 M); otherwise, alkalinity samples were collected in glass bottles which were carefully filled without any air entrapment for analysis in the laboratory. After sampling all samples were stored at 4°C.
Major cation analysis of pore water was carried out on acidified samples using ICP-AES (Perkin Elmer AAS 5000), whereas major anions were determined using ion chromatography (Dionex DX-100). Iron was analysed as total Fe. The analysis of the stable isotopes of water were carried out at the Alfred Wegener Institute in Potsdam using a common equilibration technique with a Finnigan MAT Delta-S mass spectrometer equipped with two equilibration units for the online determination of H and O isotopic composition (Meyer, 2000) . The concentrations are given hereafter in d-units calculated with respect to VSMOW (Vienna Standard Mean Ocean Water) expressed in ‰.
where R sample and R VSMOW are the isotopic ratios of the sample and of VSMOW, respectively. The external errors of long-term standard measurements for H and O are better than 0.8‰ and 0.10‰, respectively.
Saturation indices of analysed water samples for calcite, dolomite and gypsum were calculated by the PHREEQCI software, version 2.8 (Parkhurst and Appelo, 1999) .
Results and discussion

Major ions
The ion composition of all analysed samples is compiled in Table 2 . A large number of all sampled waters are dominated by Ca, Mg and HCO À 3 according to their common origin from the carbonate bearing units of the Sierra Nevada (Fig. 3) . Therefore the mineralisation of the water samples is directly related to alkalinity and Ca concentrations. Nonetheless, the thermal springs and also one groundwater sample (G16) show higher relative amounts of SO 2À 4 . One river sample (su11) was enriched in both Na and Cl À , from anthropogenic sources.
A scatter plot of Ca versus HCO À 3 indicates that the chemical evolution of the water is characterised by interaction with carbonate rocks (Fig. 4) . Dissolved CO 2 reacts with the carbonate rocks in the aquifer, dissolving calcite and dolomite according to the following reactions:
Much higher Ca=HCO À 3 ratios were only found in thermal springs and are due to gypsum dissolution, whereas the elevated Ca=HCO À 3 ratio of the river sample (su11) is again caused by anthropogenic activity.
The spatial distribution of major ion concentrations is consistent with the hydrogeological setting described earlier (Fig. 5) . Mineralisation ranges from 40 mg L À1 in high mountain areas to 10 g L À1 in the contaminated Arroyo Salado River (su11). The similarity of samples taken from springs in carbonate host rocks in the mountain area with samples taken from Quaternary sediments of the eastern part of the Granada basin indicates an important discharge from the mountain areas into the basin. Water samples taken from the western part of the Granada basin show higher mineralisation and higher SO 2À 4 concentrations owing to the influence of SO 2À 4 bearing tertiary sediments. A clear correlation between total inorganic C and temperature was found. Since pH ranges from 7.1 to 8.5 in all samples, more than 90% of all inorganic C is dissolved as HCO À 3 and was therefore plotted as measured alkalinity versus temperature (Fig. 6) . This correlation is due to the dependence of calcite dissolution on partial pressure of CO 2 (Stumm and Morgan, 1996) rather than to longer contact times with adjacent rocks as a result of longer distances to the recharge area. Since the partial pressure of CO 2 is controlled by biodegradation in the subsurface it depends on vegetation and therefore on temperature. Infiltrating water is equilibrated immediately with calcite in the unsaturated zone according to the partial pressure of CO 2 in soil air. After entering the saturated zone the alkalinity does not change significantly on its flowpath through carbonates. Samples with temperatures higher than 20°C (Fig. 6 ) represent thermal springs and do correlate with alkalinity. In this case water was heated up at greater depths where a higher temperature is not associated with enhanced biodegradation and elevated partial pressure of CO 2 .
The regional distribution of calcite and dolomite saturation indices is plotted in Fig. 7 and is in concordance with the results discussed above. Colder springs which are located in higher altitudes are undersaturated even if they emanate from carbonate rocks, whereas water samples at lower altitudes in the mountain area and in the Granada basin are mostly over saturated in calcite and dolomite. The dissolution of dolomite is a kinetically controlled process and therefore depends mainly on the contact time between rock and water. Dolomite dissolution adds Ca 2+ , Mg 2+ , and HCO À 3 to the solution, while calcite precipitation is necessary to keep the observed calcite saturation. Thus, the combination of dolomite dissolution and calcite precipitation is thought to increase Mg/Ca ratios along flowpaths. This can be observed in Fig. 8 , where high elevation springs with low HCO 3 concentrations have the lowest Mg/Ca ratios and low elevation springs further from the recharge area with high HCO À 3 concentrations show higher Mg/Ca ratios.
Saturation indices of gypsum calculated with PHREEQCI (Parkhurst, 1995) yielded undersaturation for all analysed samples but undersaturation close to equilibrium in the samples su11 and sp 25 (Table 2 and Fig. 1 ), which is due to their contact with SO 2À 4 bearing sediments in the Granada basin. The samples from October 2004 show considerably higher saturation indices than the samples taken in February 2005 owing to the longer residence time of the water, which was sampled after the dry season.
Stable isotopes
Scarce precipitation during the study period gave rise to only eight rain samples which were taken between February 2004 and March 2005 during four rainfall events (Fig. 9) . Since no correlation between altitude and d-values was observed and the number of samples was small, the data were not considered to be suitable for reliable interpretations. Therefore, isotope data from Raya Garrido (2003) were used for the interpretation of the field data. The seasonality of isotope enrichment in precipitation was not considered in this study because the major part of rainfall occurs during the winter period.
The isotope composition of snow, snowmelt and small lakes (lagunas) in high mountain areas gives valuable information about the effect of melting snow on recharge processes. Fig. 1 shows the localities of 77 samples taken between May and September 2004 classified as snow, snowmelt or laguna type presented in Fig. 10 . Most depleted in heavy isotopes are fresh snow samples plotting between WMMWL and GMWL. Snow, snowmelt and most of the laguna plot close to the GMWL and the WMMWL, indicating an evaporative enrichment of heavy isotopes under high humidity conditions. One sample was taken in an endoreic laguna without discharge characterised by strong evaporative enrichment under dry conditions.
Due to the large number of stable isotope analyses only their average values and variances in springs and groundwater are compiled in Table 3 . Note that average values are not corrected for discharges in springs. All 72 spring samples are situated between the GMWL and the WMMWL, reflecting the different sources of precipitation which are the Atlantic and the western Mediterranean (Fig. 9) . A seasonal trend of different sources cannot be derived from the measurements which were taken mostly in October/November 2004 and February/ Since the isotopic composition of springs represents the average altitude of their recharge area, the mean elevation of the recharge area can be calculated using the isotopic composition of precipitation at different altitudes. Recharge altitudes could not be derived from direct measurements because no reliable data on rainfall isotopic composition could be obtained during the sampling campaigns as mentioned above. Since the formation of vapour in the atmosphere and the formation of rain shows similar altitude dependencies (Clark and Fritz, 1999) , recharge altitudes were derived by combining gradients of altitude versus d
18 O from isotopic data of atmospheric vapour obtained by Raya Garrido (2003) with a mean average winter value of precipitation. Raya Garrido (2003) divided the gradients into a lower and an upper altitude gradient separated by the atmospheric boundary layer (ABL). The atmospheric boundary layer is the part of the troposphere that is directly influenced by convective circulation originated by the shape and different heat capacities of the earth surface (Stull, 1988) . It is often turbulent and is capped by a statically stable layer of air or temperature inversion. The ABL depth (i.e., the inversion height) is variable in time and space, ranging from tens of metres in strongly statically stable situations, to several kilometres in convective conditions over deserts. On the basis of isotope measurements of atmospheric vapour Raya Garrido (2003) estimated an ABL altitude of 2200 masl and altitude versus d
18 O gradients of À0.2 ‰/100 m for 670-2200 masl and À1.3‰/100 m above 2200 masl for the northwestern slope of the Sierra Nevada, which is located east and SE of Granada basin. This is in agreement with d
18
O gradients between À0.19 and À0.31‰/100 m of different isotope studies of precipitation for these altitudes compiled by Craig (1961) . Longinelli and Selmo (2003) reported a gradient of À0.2‰/100 m for Italy. Values of d
18 O-altitude gradients compiled by Clark and Fritz (1999) ranged between À0.2‰/100 m and À0.3‰/100 m.
On these assumptions, recharge elevations for Sierra Nevada springs were estimated by extrapolating these gradients from a starting point. This starting point is the mean weighted winter value of d
18 O = À6.9 ‰ measured by Raya Garrido (2003) at the rainwater sampling station Generalife in Granada (845 masl) (Fig. 12) . Starting from this reference point the d
18 O gradients lead to the following equations for the corresponding altitudes Irrespective of their real spring elevations, the computation of recharge isotope elevations yielded altitudes between 1700 and 2000 masl for most of the Sierra Nevada springs (Fig. 13) . This altitude corresponds generally to the lithologic boundary between micaschists and carbonate rocks. Recharge at these altitudes results predominantly from snow melting. No seasonal difference was observed between samples taken at the beginning and at the end of the hydrological period of recharge, which may be due to the fact that recharge is limited to the winter and spring. The fact that these springs discharge water throughout the year indicates longer residence times which eliminate seasonal effects and the temporal change of isotope composition of snowmelt. The samples of snowmelt analysed in this study were taken at altitudes between 2750 and 3473 masl and therefore show more depleted signatures of heavy isotopes than analysed spring samples shown in Fig. 9 .
The springs of the Sierra Nevada, whose altitudes range between 1200 and 2160 masl, reflect an altitude effect with an isotope gradient around À0.14 ‰/100 m (Fig. 11) . The deviation of this gradient from isotope gradients obtained from precipitation ($À0.2‰/100 m) is due to the fact that spring altitudes do not correspond necessarily to recharge altitudes. This only applies for springs with very small catchment areas and is not the case in the present study area. In general and especially with regard to the thermal springs, d
18 O values of springs in the Granada basin are comparatively light in relation to their altitude, indicating that most of the recharge of these springs occurs in higher areas of the adjacent mountains. This is in accordance with the similarity of hydrogeochemical data between samples taken at springs in carbonate host rocks in the mountain area and samples taken in the eastern part of the Vega de Granada aquifer as discussed above.
Isotopic enrichment of the surface water system due to the altitude effect can be observed along the sampling stations of Genil River (Fig. 14) . The uppermost sample (su1, 1179 masl) is characterised by light isotope composition with strong seasonal variations which is supposed to be the effect of isotopic compositions of snowmelt. Downstream of the Canales reservoir (su3), which dams the Genil River, the seasonal variations observed upstream at su1 are eliminated because the reservoir acts as a mixing pond. Following the course of the Genil further downstream the next site is situated in the Mio-/Pliocene basin fill (su4). This site is clearly influenced by the Quentar reservoir (su9, 1010 masl), which discharges into the Genil River here, and shows a heavy isotopic composition in relation to its altitude. This reflects the lower altitudes of the catchment area of this reservoir. The lowermost sampling station of the Genil River (su13, 560 masl ) is located in the western part of the Granada basin. This sample is strongly influenced by the Cubillas reservoir (su19, 640 masl), which discharges into the Genil River via the Cubillas River (su12). The Cubillas reservoir shows significant evaporative isotope enrichment as a consequence of its shallow depth and its low altitude. This is also reflected in the Genil River sampling station su13, which plots on a mixing line between the Cubillas reservoir (su19) and the next Genil River sample located upstream (su4).
Three different groups of groundwater samples were distinguished according to their isotopic compositions (Figs. 15 and 16 ). The first group of wells (group 1) shows a lighter isotopic composition than the samples of the Genil River, indicating that groundwater of the southeastern part of the aquifer is recharged partly by the Monachil River and the Dilar River which are both characterised by very light isotopic signatures. Nonetheless, a considerable recharge of subsurface flow has to be assumed here because group 1 is enriched in heavy isotopes in comparison with the Dilar and Monachil Rivers. This recharge by subsurface runoff is likely to occur at the southeastern boundary of the aquifer where it cuts across the more permeable carbonate rocks. This has not been verified by measurements so far owing to the lack of piezometers in carbonate rocks. Recharge of surface runoff by the small creek in the southeastern part of the aquifer was assumed to be only of minor importance considering its small discharge.
The second group of groundwater samples are all located in the northern and central part of the aquifer; they plot close to the Genil River samples and indicate an important recharge by infiltration of the Genil River.
The samples of group 3 are located in the western part of the aquifer and are characterised by an evaporative enrichment of heavy isotopes. The samples plot close to the tributaries Rio Cubillas (su12) and Arroyo Salado indicating a predominant groundwater recharge by these surface water systems. Adjacent spring water samples (sp25, sp26) close to Arroyo Salado show a distinct isotopic signature. Since these springs drain the Neogene sediments and represent its groundwater composition, groundwater recharge of the Quaternary aquifer by subsurface flow is considered to be of minor importance. Thus, aquifer recharge by subsurface flow discharged by the adjacent Neogene basin sediments could not be detected. This is in agreement with the low hydraulic conductivities of these sediments which consist mainly of clays and silts.
Conclusions
The following conclusions can be drawn from the results of the present study.
Rising mineralisation due to calcite dissolution is clearly associated with the temperature and the partial pressure of CO 2 in the recharge area. Rising Mg/Ca ratios with greater distance to the source area indicate kinetically controlled dissolution of dolomite after equilibrium controlled dissolution of calcite. The recharge altitudes of most of the springs located in the Sierra Nevada are about 1700 masl which leads to the conclusion that recharge of the entire watershed is predominantly due to winter rain and melting snow. Isotopic characteristics of springs and thermal springs located in the Granada basin indicate recharge areas at higher altitudes. The temporal isotopic pattern of the Genil River along its flow path reflects the elimination of seasonal effects due to the Canales reservoir. The discharge from other reservoirs subjected to evaporation loss shows a strong influence on the isotopic composition of the Genil river. The recharge of the aquifer by the main rivers Genil, Dilar and Cubillas is clearly reflected by the isotopic composition of the groundwater and allows a spatial assignment of aquifer areas to their recharge sources. Groundwater recharge of the Quaternary aquifer by lateral subsurface runoff was detected and is limited to groundwater discharge of the adjacent karstic aquifer of the Alpujarride Complex. Important evaporative loss of water due to irrigation could not be confirmed by the isotope pattern of the groundwater. Isotopic enrichment in the western part of the basin is clearly associated with tributaries of isotopically enriched surface water discharged by the Cubillas reservoir, which is subject to intensive evaporation.
